In this study, radon-222 concentrations were measured within 34 houses distributed in the northern, southern, and central areas of the city of Querétaro in 2007. The objective of this study was to establish the spatial distribution of radon with respect to geological faults and its relation to certain environmental variables. For each sampling site, the radon-222 concentration was analyzed as a function of various climate variables, relative humidity, temperature, and atmospheric pressure, in addition to the ventilation of the house and distance of each site from any geological faults in the area. A multivariate statistical technique was used to analyze these variables based on two components. For component 1, the relative humidity and temperature had the greatest weight, 0.677 and 0.492, respectively, while for component 2, the greatest weights corresponded to radon and the temperature with 0.693 and 0.609, respectively. The average radon concentration across the entire sampling period was 38.92 Bq/m 3 , the minimum detected value was 6.01 Bq/m 3 for site 91GAG0607, and the maximum detected value was 225.95 Bq/m 3 for site 91CAM20907. This last value is outside the standards permitted by the Environmental Protection Agency of the United Stated, which is 148 Bq/m 3 for indoor environments. With respect to geological faults and their relationship to radon-222, the concentrations for the sampling sites had no relationship to the closeness or distance to these faults.
Introduction
Radon is a gaseous, colorless, and tasteless element. It is chemically inert and has several isotopes, but the most important is radon-222 with a half-life of 3.8 days. This atom is the direct product of the decay of radon-226, which is produced in turn by the decay of uranium-238. The particularity of elemental radon is that it is a gas naturally emitted at geological faults, which makes it hazardous to health. Radon is present in outdoor environments in low concentrations. However, in indoor environments, radon can accumulate until it poses a potential long-term health risk. Given the solubility of radon in air and its abundance, the U.S. Environmental Protection Agency (EPA) defines 4 pCi/L, which equals 148 Bq/m 3 , as the maximum allowed radon concentration in homes [1] . Most of the natural radioactivity human beings are exposed to be due to radon [2] . This element is capable of traveling through pores in the ground until it reaches the surface, where it is diluted with other atmospheric gases or penetrates into buildings that are not appropriately protected. In both cases, its decay process is completed. After penetrating a closed space, radon accumulates and increases in concentration. It is possible that problems related to high levels of radon in indoor environments could be more common in certain geographical regions due to their topography and orography.
The state of Querétaro is bordered by volcanoes and regional faults that affect the area and are grouped into two primary, active systems [3] - [5] . These faults are consistent in both direction and kinematics with the two regional fault systems (with north-south and east-west orientations). Because of this, the local geological structures of the state and its environmental impact have been independently studied [5] [6] . Distributed along the two large geological faults crossing the state (Tlacote and 5 de Febrero) are three urban centers important to the state of Querétaro (Juriquilla, Jurica, and the City Center). Juriquilla is located in the northern part of the state at the exit of the Querétaro-San Luis Potosí highway and is surrounded by large residential complexes with dense commercial activity and large university campuses. Jurica, located 15 km from the center of the state, is surrounded by ranches, residential zones, and small areas dedicated to local agriculture. The capital city, an area with dense commercial and tourist activity, is surrounded by streets with intense vehicle traffic.
Based on the above, this study proposed to determine the spatial distribution of radon with respect to geological faults and its relationship to certain environmental variables. The concentration of radon was determined in 34 residences in 2007 across two periods, March-June and September-November, which correspond to the dry-hot and wet periods, respectively. Figure 1 shows the distribution of the sampling sites in each of the selected areas (Juriquilla, Jurica, and City Center, Querétaro).
Methodology

Sampling Sites
Because of the interest in the behavior of radon gas in indoor environments, this study samples houses in the city of Queretaro due to their aforementioned geological history and the ability are provided to evaluate the air quality that inhabitants are most likely exposed to, especially housewives and children who spend most of their time in these environments with the latter being the most vulnerable. The initial idea was to monitor houses with similar construction characteristics, and typical problems encountered were owners' availability and the complex architecture of houses in the study areas.
Sampling
Sampling was performed using an SARAD Radon Scout instrument. Its design and memory size allowed for real-time measurements with high accuracy. This instrument can exactly determine variations in radon-222, even at low concentrations. The instrument consists of sensors that measure the humidity, temperature, and barometric pressure using the SARAD GmbH software, version 5.0. The measurement periods varied from 7 to 15 days, and the integration time was one hour (one sample per hour) for all of the measurements. Table 1 presents the maximum (max), average (avg), minimum (min) values of the measured variables and the geographical coordinates of the sampled sites. Any sites with an average radon concentration above 148 Bq/m 3 , which is the highest level recommended by the U.S. EPA, are highlighted in black.
Results
Statistical Analysis
Using the obtained results, a Spearman's rank correlation analysis was performed to determine whether any statistically significant linear correlations existed with a confidence level of 95% among the analyzed variables. According to the analysis, no linear correlations existed (See Annex A). However, this does not necessarily imply that the variables are independent because they could be non-linearly related.
Cluster Analysis (CA)
The following variables were observed at each site: temperature (˚C), relative humidity (%), atmospheric pressure, and radon concentration. Additionally, a multivariate statistical analysis was performed. A cluster analysis (CA) was applied by forming 3 groups: group 1 is comprised of 12 residences located in the central zone and Table 2) . In Figure 2 , the distribution of the sites with respect to their grouping is presented. It is worth noting that the distribution of houses at each site depended upon the availability and help from the proprietor of the house. Although a similar number of samplings were planned for each site, this goal was not possible. The aforementioned groups differ in their variables as shown in Table 3 , and one can observe the centroids of each variable in each group. This analysis indicates group 3 is influenced by humidity. Figure 2 . Geographic location of the sites with respect to formation of Cluster Analysis.
Principal Component Analysis (PCA)
A principal component analysis or factor analysis was performed to determine the associations between the analyzed variables and estimate the possible origins of the radon concentrations in the indoor environments of the 34 sampled houses [7] [8]. The first two components of this principal component analysis that obtained an eigenvalue above 1 were extracted and represent 67.29% of the variability in the observed data (Table 4) , which is assumed sufficient for the analysis performed here. Table 5 presents the weights for each component variable. In it, one can observe that for component 1, rela- tive humidity and temperature have the highest weights, 0.677 and 0.492, respectively; while the greatest weights for component 2 correspond to radon and temperature with values of 0.693 and 0.609, respectively. Using the obtained radon concentrations, we attempted to establish the spatial distribution of radon with respect to the geological faults. However, there was no evidence that the location of the houses and the faults were directly related, which was verified by the PCA results.
Factor Analysis (FA)
The purpose of the FA was to strengthen the PCA results and obtain a number of factors to explain most of the variability in the three meteorological variables measured (relative humidity, temperature, and atmospheric pressure) across two periods, March-June and September-November, which correspond to the dry-hot and wet periods, respectively. The relative humidity and temperature that exist within the houses determined the flow of radon towards the interior. In the PCA, two factors were found to represent 67.29% of the variability in the original data ( Table 4) . The FA corroborates what was observed in the PCA and shows that the relative humidity and temperature have the greatest weights for factor 1 with values of −0.747 and 0.878, respectively, while the greatest weights for factor 2 correspond to radon and the pressure with values of 0.818 and 0.657, respectively ( Table 6 ). These findings allow us to infer that component 1, or factor 1, is influenced by environmental conditions relating to the humidity and temperature because some periods of the year could be cold dry, cold wet, hot dry, or hot wet for example.
In contrast, component 2, or factor 2, favors certain mixing conditions or the presence of certain substances in the air. For these reasons, it is important to consider how wind acts on the indoor radon concentration in two opposing manners. On the one hand, the wind can favor the exchange of air between the interior and exterior of a dwelling depending on its architectural characteristics. On the other hand, the wind induces a local pressure difference between the interior and exterior, which favors the entry of radon into closed sites. These atmospheric variables do not affect the air of houses in the same way and a phase difference occurs over time until the conditions equilibrate.
Conclusions
The results obtained for the concentration of radon-222 in the 34 sampled residences did not show a relationship to the distance of the residence from the geological faults in the region. In addition, the radon-222 concentration and its relationship to the studied meteorological variables (relative humidity, temperature, and atmospheric pressure) were independent of the sampling periods, March-June and September-November, which correspond to the dry-hot and wet periods, respectively. Using the obtained data, statistical tests of the linear region were performed to determine whether seasonal variations in the radon-222 concentration existed. However, convincing results that would permit us to explain the variation were not obtained. If one rules out faults as a cause of the radon-222 distribution in dwellings, then it is probable that the data obtained obey other factors, such as the construction material or ventilation conditions of each home, which were not considered in this study. This work, together with that of [9] - [11] , helps provide an explanation or cause for the radon-222 concentrations in dwellings. Future studies must account for a greater number of variables and residences and include simultaneous sampling of both indoor and outdoor environments to better reflect reality when explaining what occurs in dwellings in the state of Querétaro.
